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TEM annealing study of normal grain growth in silver thin films
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Abstract

Normal grain growth in 80-nm-thick sputter-deposited Ag films was studied via in situ heating stage transmission electron
Žmicroscopy. The as-deposited films with an initial grain size of 40]50 nm were held at a series of temperatures one per

. n n Ž .specimen below 2508C. A grain growth exponent ns3 from the law D yD sk T t was calculated by minimizing theo
Ž .deviation in the fitting function to the experimental data. An activation energy for grain growth of 0.53 eV 53 kJrmol is found,

which is close to surface diffusion. These findings are consistent with our previous work on abnormal grain growth in Ag: that
grain growth in thin film nanocrystalline silver is dominated by surface diffusion mass transport. Q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Nanograined materials frequently display grain size
dependent electrical transport properties, optical
properties, and mechanical properties. The fine grain
size, sometimes described as morphological metastabil-
ity, is associated with an inherently high driving force
to reduce the total grain boundary energy or induce
coarsening. It is important for this metastability to
survive either the processing steps or throughout the
product life. Many processing techniques involve some
high-temperature exposure. This exposure may com-
promise the nanosized features of the final product.
Powder consolidation is such a process in which the
goal is to densify the nanocrystalline powders with
minimal grain coarsening. Grain growth in thin films is
critical for their reliability, e.g. influencing mean time
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to failure in interconnect lines where large grain sizes
lead to bamboo structures which are resistant to elec-
tromigration failure, and in contrast, thin film optical

Žcoatings where light scattering diffuse reflection and
.transmission is minimal with a small grain size.

Thermal stability of nanocrystalline materials has
w xbeen the subject of recent reviews 1,2 . Similar to

conventional materials, the early stages of grain coars-
ening of nanocrystalline materials is described by an
equation:

n n Ž . Ž .D yD sk T t 1o

where D is the average grain diameter, D is the initialo

grain diameter, n is the grain growth exponent, k is a
constant and t is time. The grain growth constant is
exponentially dependent on temperature and propor-
tional to the grain boundary mobility:

Ž . yQ r k bT Ž .k T Ae 2
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where T is temperature, k is the Boltzmann constant,b
and Q is the activation energy for the mass transport
mechanism.

Koch and coworkers summarized the n values for
the isothermal grain growth of bulk nanocrystals and
compared them to the values for conventional polycrys-

w xtalline materials 1 . At low temperatures, n values are
high or grain growth is slow, similar to regular materi-
als. Such increased n values are rationalized by re-
stricted grain boundary mobility, which is most com-
monly due to pore or solute effects. In nanocrystalline
materials such as iron, Mallow and Koch found an
average n value of 12 at low temperatures but the n
value decreased with increasing temperatures in the

w xsame way as for the coarse grained materials 1 . In
ZrO ]3 mol% Y O ceramics, n is larger than 4 at low2 2 3
temperatures and decreases to 3 at intermediate tem-

w xperatures 3 . In other cases, constant n values were
reported, e.g. ns4 in grain growth during sintering of

w x w xAl O 4 and TiO 5 or nf3 in TiO and yttria2 3 2 2
w xstabilized ZrO 6,7 .2

Activation energies for grain coarsening are gener-
ally difficult to assess particularly when the n-exponent
deviates from the ideal value of 2. Malow and Koch
compiled the existing activation energy data for grain
coarsening in consolidated nanosize metals, intermetal-

w xlic compounds and ceramics 2 . In most cases, the
activation energy is close to that of grain boundary
diffusion, which is similar to large-grained materials.
Some exceptions were found for elemental nanometals
with activation energies equal to that of lattice diffu-

w xsion 1 . Two apparent activation energy values were
calculated in nanocrystalline Fe: a low value for low-

Ž .temperature 1.25 eV 125 kJrmol and a high value
Ž .2.48 eV 248 kJrmol corresponding to high tempera-

w xtures 1 . The latter value was close to that of volume
diffusion in iron and is similar to the value found in
coarse-grained iron. The low temperature value is less
than that for grain boundary diffusion. A low activation
energy value for grain coarsening in early sintering
stages was also calculated by Thunissen et al. in
ZrO ]5.8 mol% Y O , although some uncertainty may2 2 3

w xbe due to an uncertain n value 7 . Eastman also
reports a low activation energy for grain growth 0.4]1.2

Ž . w xeV 83"40 kJrmol in nano-TiO 6 .2
In nanocrystalline copper and silver compacts, the

Žactivation energy for the grain growth was 0.8 eV 83
. Ž .kJrmol for copper and 1 eV 100 kJrmol for silver

w x8 . Both values are close to grain boundary diffusion
activation energies. In some other studies of nanocrys-
talline copper, reduced values of the activation energy

Ž .have been reported at 0.3 eV 30 kJrmol , over a
factor of two lower than those for polycrystalline mate-

w xrial 9 . This suggests different mass transport mecha-
nisms may be operative for different grain sizes.

The present study is an in situ study of normal grain

growth in nanocrystalline sputter deposited Ag films. In
a previous paper by the authors, the activation energy
for abnormal grain growth was concluded to be 0.273

Ž .eV 27 kJrmol , and this was interpreted as a surface
w xdiffusion limited process due to thermal grooving 10 .

The intent of the present work is to study normal grain
growth in thin silver films and compare the activation
energy of the normal grains to that of the abnormal

Ž .grains of our previous work. We will use Eq. 1 be-
cause it applies to normal grain growth, has been
applied to both film and bulk specimens, and because
the literature involving this growth law is vast.

2. Experimental procedure

Silver films were sputter deposited onto amorphous
Ž .silicon nitride transmission electron microscope TEM

specimens with a viewable area of 470 mm2. The process
chamber was evacuated to a base pressure on the order
of 10y6 torr. The process gas pressure was 3 mtorr of
Ar. A power density of 2.8 kWr817 mm was used. The
target-to-substrate distance was 10 cm. The film thick-
ness was determined using a Dektak profilometer and
sheet resistance measurements to be 80 nm.

The specimens were sputtered ex situ to the TEM.
To minimize the interaction with sulfur and water after
deposition, specimens were prepared on the morning of
the experiment, and transported to the National Center

Ž .for Electron Microscopy NCEM at Lawrence Berke-
Ž .ley National Laboratory LBNL for in situ TEM analy-

sis, which is approximately a 1-h exposure to air. At
NCEM the specimens were analyzed using a JEOL 200
CX in situ TEM using a LaB filament operating at6
200 keV. The heating stage was able to ramp up to any
temperature below 10008C in 60 s.

The TEM holder used in these experiments is a
Model 652-Ta double-tilt heating holder from Gatan,
Inc. In this design, the sample is placed in a miniature
tantalum furnace that is heated resistively. The sample
temperature is determined by a K-type platinumr
platinum]13% rhodium thermocouple that is affixed to
the outer body of the furnace heater, which is cali-
brated by the manufacturer. This is done by placing a
thinned 3-mm disc of tantalum to which a separate
thermocouple has been attached into the holder. The
holder is then placed in vacuum, and correspondence
between the two thermocouples is checked over the
range of temperatures between 258C and 10008C. It has
been shown using solid phase epitaxial regrowth of
amorphous silicon that for temperatures between 4508C
and 7008C, the thermocouple readings accurately rep-
resent the temperature in the thinned area of plan view

w xsilicon TEM samples to within approximately 108C 11 .
It is believed that the level of accuracy of the tempera-
ture calibration for the Si N window samples used in3 4
these experiments is similar.
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Four specimens, one for each temperature, were
heated from room temperature up to temperatures of
125, 175, 200 and 2508C. At each of their respective
temperatures, micrographs were taken at times of 5, 10,
15, 30 and 45 min. Different magnifications were used
for clarity and sufficient number of grains used for
clarity and to image a sufficient number of grains .

To ensure that the temperature recorded was actu-
ally the temperature of the specimen, two tests were
done on the specimen stage. First, it was verified that
the electron beam does not produce a localized over-
heating. The specimen was heated to 1008C for a
sufficient hold time until the growth stopped and a
fixed area was observed with the beam fully saturated.
The beam was then quickly moved onto other areas not
previously exposed, and held there. No further growth
under the beam was observed. This was repeated with
other specimens at all other temperatures. In a second
method, an Ag film was surface oxidized over several
weeks in air. The surface oxide blocks surface andror
grain boundary diffusion paths, and prevents the de-
wetting of the film from the substrate until the melting

Ž .point 9618C . The oxidation prevented grain growth
until 4008C which is consistent with a doubling of the

w xactivation energy in slightly oxidized Ag 8 . The film
de-wetted at an indicated temperature of 9608C with
the beam fully saturated. Since the melting point should

Žbe dominated by the bulk of the film un-oxidized
.silver , we may interpret this as the beam heating

having negligible effect on the indicated melting point
of the material. This establishes also that the ther-
mometer is properly calibrated, and correctly indicates
the specimen temperature.

Scion Image, a software package based on NIH Image
for the Macintosh, was used to collect grain size data
from scanned micrograph pictures. For each time and
temperature, diameter data were derived from the grain
size area values. The different magnifications used to
take the micrographs allowed for a good statistical
sample of greater than 100 grains analyzed per time

Žand temperature. Obviously abnormal grains very
.large, many-sided, and non-circular were excluded from

the analysis. Only roughly circular grains amid the
large abnormal grains were counted.

3. Analysis and results

Fig. 1 shows the isothermal evolution of grain size is
Žslow with no evidence of a plateau at 1258C 0.32 of the

.melting temperature, T , but becomes noticeable atm
Ž .temperatures above 1758C 0.36 T . At high tempera-m

tures, grain growth is fast at the short annealing times,
then growth rate decreases sharply, with the diameter
plateauing for long annealing times greater than 30
min. Fig. 2 shows the histograms for the normal grains
for the first three data points at 2508C. The Ag films in

Fig. 1. Grain size as a function of time and temperature.

this study have microstructures similar to those pub-
w xlished in Dannenberg et al. 10 .

Using the isothermal annealing data, and excluding
annealing durations greater than 30 min where the

Ž .grain growth stagnates, k T values were extracted
Ž .from Eq. 1 for a particular n value. The k value was

computed by linear least squares fit for each n and
temperature. For a particular value of n, and for the
resultant k at each temperature, E , the root meanRMS
square error was computed:

1 1 Ž .E s D yD 3Ý ÝRMS exp theoryi ,T i ,TN NH TT i

where D and D are the theoretical grain diame-theory exp
w Ž . xters from Eq. 1 for appropriate n and k and experi-

mental grain diameters, respectively, N is the numberT
of data points analyzed at temperature T , N is theH
total number of hold temperatures investigated, and

Fig. 2. Histograms for the normal grain of the first three data points
for the 2508C anneal. The distributions are reasonably Gaussian with
the mean nearly equal to the median.
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Fig. 3. Plot showing the method by which the respective data was fit
Ž .to Eq. 1 with ns3. We have not included data points in the flat

regions of the D vs. t data.

the index i is the time index. This method of averaging
removes the dependence on the number of data points,
so E can be interpreted directly to be the averageRMS
deviation between the fitting function and the data for
all points, in nanometers. E was shown to beRMS

Ž .minimized for ns3 Figs. 3 and 4 .
Ž .Each k value was then inserted into Eq. 2 with

ns3 and the corresponding temperature. The slope of
Ž .1rT vs. ln k , determined by a linear least squares fit,

Ž . Žyields an activation energy of 0.53 eV 53 kJrmol Fig.
.5 .

4. Discussion

The value ns3 is in close agreement with n values
reported for pure nanocrystalline metals in the litera-
ture. For instance, Ganapathi et al. report a value of n
between 2 and 4 for coarsening of nanocrystalline

w xcopper made by the sliding wear technique 9 . Huang
et al. calculated ns1.85]1.92 in nanocrystalline cop-

Fig. 4. The root-mean-square error for the growth law given by Eq.
Ž .1 is minimized with ns3.

w xper by calorimetry 12 . This almost theoretical value
may be rationalized by the high-temperature range of

Žtheir grain-coarsening studies between 0.3 and 0.75
.T . As mentioned in the introduction, a similar valuem

of nf3 was found in TiO and yttria stabilized ZrO2 2
w x6,7 The single value for n found at all temperatures
used in the present study seems also reasonable since n

w xis shown to generally increase above 0.45 T 1,2 . Them
maximum temperature used in these experiments is

Ž .0.42 T . The good fit of the data points Fig. 3 is anm
additional indication that the value ns3 does not
change in the temperature range studied in this work.
For verification, the activation energy for the classic
value of ns2 was calculated and found to be Qs0.453

Ž . Ž .eV 45 kJrmol Fig. 5 . Furthermore, Q was calcu-
lated as a function of n in Fig. 6. It was found that
values of n that greatly exceed the minimizing value of

Žns3 are required to approach Qs0.95 eV 95
.kJrmol , the activation energy for grain boundary dif-

w x Ž . Žfusion in silver 13 . The fits of Eq. 1 in plots analo-
.gous to Fig. 3 are very poor for these high values of n.

The calculated activation energy for the normal grains,
Ž .0.53 eV 53 kJrmol for ns3, is consistent with that

Žmeasured for the abnormal grain growth, 0.274 eV 27
.kJrmol in our previous paper, in that they are both

significantly less than that of grain boundary diffusion
Ž . w xin silver, 0.95 eV 95 kJrmol 10 . Both activation

Fig. 5. The activation energy is computed from the slope of the solid lines. Qs0.53 eV for the case of ns3 and Qs0.453 eV for ns2.
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Fig. 6. Large values of n, which greatly exceed the error minimizing
value of ns3, are required to produce activation energies that
approach those of grain boundary diffusion.

energies are consistent with a surface diffusion process,
Ž .reported to be 0.3 eV 30 kJrmol in electromigration

w xpore formation experiments 14 .
The normal grain growth observed is consistent with

theory. It is known that normal grain growth may occur
w xwhen the grain size is less than the film thickness 15 ,

and there are no opposing terms to curvature driven
growth, such as grooving, precipitation drag, etc. In the
present normal grain coarsening case, the initial grain

Ž .size of the normal grains 40]50 nm in the Ag films
Ž .was approximately half of the film thickness 80 nm
Žand the final grain size was less than 100 nm i.e. only

.1.25 times film thickness at the highest temperature
Ž .studied 2508C . Therefore we do not believe that

grooving effects were significantly damping normal
growth in the time duration used for the analysis in the
present work.

Abnormal grain growth may occur when the coarsen-
ing of some grains is suppressed or augmented by a

Ž . Ž .variety of effects: 1 grain boundary grooving; 2
w x Ž .precipitate or impurity drag 16,17 ; 3 substrate inter-

actions causing the growth of a specific orientation
Ž .fiber texture to be favored, typically a low-energy

Ž .high-symmetry plane; and 4 statistical fluctuations
and self shadowing effects during the deposition process
that create a dilute concentration of randomly oriented
grains, significantly larger than most, which grow by
simple virtue that they have more than six sides. In our
previous work on abnormal growth, we were able to fit
the data to a growth law after Mullins with ns2,
where the driving force is proportional to the number

w xof sides of the abnormal grains minus 6, N y6 10 .a
In our films, there is no indication of orientation

dependence or texture. Electron diffraction ring pat-
terns showed only continuous rings with no missing
quadrants to imply texture, and a sampling of the
largest abnormal grains showed single crystal diffrac-
tion patterns which are clearly not in-plane rotations,
so a strong preferred orientationrfiber texture is un-
likely. The method of monitoring ring pattern intensity
changes of large area selected area diffraction patterns

during growth was not employed because of the unreli-
ability of the method, stemming from the difficulty of
measuring the relative intensity shifts from image pro-
cessing artifacts.

Abnormal and normal grain growth was observed
simultaneously in both the films of this study and our
previous work, beginning at the lowest temperatures

w x;1008C 10 . In both cases, in the early stages of
growth, the matrix of normal grains compete locally for
growth according to a well-documented law, while the
dilute abnormal grains consume the matrix grains, and
stagnate due to thermal grooving. For long hold times,
all grains stagnate indefinitely for the same hold tem-
peratures.

5. Conclusions

The grain coarsening kinetics in nanocrystalline sil-
ver films was studied by in situ TEM heating. Both
normal and abnormal grain growth occur simultane-
ously, with a matrix of normal grains competing locally

n n Ž .according to a well-documented law D yD sk T t,o
and with a dilute concentration of abnormal grains
having many more than six sides which consume the
background matrix, eventually stagnating due to ther-
mal grooving. Normal grain growth was studied up to
0.42 T . A value of ns3 was found for the grainm
growth exponent. The activation energy calculated Qs

Ž .0.53 eV 53 kJrmol is close to that for the surface
diffusion. This value is consistent with the result found

Žfor abnormal growth in which Qs0.273 eV 27
.kJrmol , in that both activation energies are substan-

tially lower than that reported for grain boundary dif-
Ž .fusion, 0.95 eV 95 kJrmol . We therefore conclude

that grain growth in sputter deposited nanocrystalline
Ag films, both normal and abnormal, is dominated by
surface diffusion mass transport.
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